. Sustained hyperoxia-induced NF-B activation improves survival and preserves lung development in neonatal mice. Am J Physiol Lung Cell Mol Physiol 306: L1078 -L1089, 2014. First published April 18, 2014 doi:10.1152/ajplung.00001.2014Oxygen toxicity contributes to the pathogenesis of bronchopulmonary dysplasia (BPD). Neonatal mice exposed to hyperoxia develop a simplified lung structure that resembles BPD. Sustained activation of the transcription factor NF-B and increased expression of protective target genes attenuate hyperoxia-induced mortality in adults. However, the effect of enhancing hyperoxia-induced NF-B activity on lung injury and development in neonatal animals is unknown. We performed this study to determine whether sustained NF-B activation, mediated through IB␤ overexpression, preserves lung development in neonatal animals exposed to hyperoxia. Newborn wild-type (WT) and IB␤-overexpressing (AKBI) mice were exposed to hyperoxia (Ͼ95%) or room air from day of life (DOL) 0 -14, after which all animals were kept in room air. Survival curves were generated through DOL 14. Lung development was assessed using radial alveolar count (RAC) and mean linear intercept (MLI) at DOL 3 and 28 and pulmonary vessel density at DOL 28. Lung tissue was collected, and NF-B activity was assessed using Western blot for IB degradation and NF-B nuclear translocation. WT mice demonstrated 80% mortality through 14 days of exposure. In contrast, AKBI mice demonstrated 60% survival. Decreased RAC, increased MLI, and pulmonary vessel density caused by hyperoxia in WT mice were significantly attenuated in AKBI mice. These findings were associated with early and sustained NF-B activation and expression of cytoprotective target genes, including vascular endothelial growth factor receptor 2. We conclude that sustained hyperoxia-induced NF-B activation improves neonatal survival and preserves lung development. Potentiating early NF-B activity after hyperoxic exposure may represent a therapeutic intervention to prevent BPD. NF-B; IB␤ hyperoxic lung injury; bronchopulmonary dysplasia; lung development DESPITE ADVANCES IN NEONATAL CARE, the incidence of bronchopulmonary dysplasia (BPD) in infants of 22-28 wk gestation age remains ϳ40% (51). The hallmark of BPD is simplified distal airspaces, representing an arrest of lung development attributable to a combination of insults including hyperoxia (36). Recent studies have shown that limiting oxygen exposure can prevent BPD, but this does not appear to be without risk (27, 51a). A clearer understanding of the signaling pathways that protect the developing lung from hyperoxic injury may help identify therapeutic targets to prevent BPD.
Neonatal animals are resistant to the mortality caused by pulmonary oxygen toxicity observed in adults (24) . Yang and colleagues (61) determined that activation of the transcription factor NF-B mediated the resistance to hyperoxic lung injury in neonatal mice (61) . The transcription factor NF-B regulates the cellular response to oxidant and inflammatory stress and regulates the expression of many proinflammatory and apoptosis-related genes implicated in the pathogenesis of BPD (59) . Neonatal mice exposed to hyperoxia exhibit robust pulmonary NF-B activity, resulting in increased expression of antiapoptotic genes (61) . Despite this relative resistance to hyperoxia, the newborn lung is not immune to injury. Hyperoxic exposure in the newborn period results in a simplified lung structure reminiscent of BPD (57) . Although NF-B activation prevents mortality in neonates exposed to hyperoxia, it is unknown whether further enhancing NF-B activity would preserve lung development.
In quiescent cells, the inhibitory proteins IB␣ and IB␤ sequester NF-B dimers in the cytoplasm (46) . Following exposure to oxidant or inflammatory stress, these proteins are degraded, which allows nuclear translocation of NF-B dimers and subsequent target gene transcription. Importantly, IB␣ and IB␤ have distinct functions following NF-B activation. Following activation, both NF-B isoforms enter the nucleus. A nuclear export sequence on IB␣ allows for removal of activated dimers from the nucleus and facilitates termination of NF-B activity (32) . In contrast, IB␤ has no nuclear export sequence and, once in the nucleus, acts to stabilize NF-B DNA binding and potentiate NF-B activity and downstream gene expression (47) . This sustained NF-B activity protects cells from oxidant stress-induced cell death and prevents pulmonary oxygen toxicity in adult mice (44, 58) .
Here, using IB␤-overexpressing mice, we demonstrate that sustained NF-B activity attenuates disrupted lung development secondary to hyperoxic injury. This manifests as improved survival and lung development. These findings are associated with enhanced expression of lung-protective factors including antiapoptotic proteins and vascular endothelial growth factor receptor 2 (VEGFR2). We speculate that interventions aimed at sustaining hyperoxia-induced NF-B activity in the neonatal lung may prevent BPD.
MATERIALS AND METHODS
Animal model. ICR mice were purchased from Taconic, and AKBI, or IB␤ knockin, mice were a gift of Richard Cohen (Harvard University). Wild-type (WT) mice have the normal IB␣ gene. In the IB␤ knockin, or AKBI, mice, the IB␣ gene has been replaced by IB␤ cDNA, and expression is driven by the IB␣ promoter. Thus, these mice overexpress IB␤ and do not express IB␣. Neonatal mice (Ͻ4 h old) were exposed to room air or hyperoxia (O 2 Ͼ 95%) conducted in an A-chamber (BioSpherix). Ambient carbon dioxide was maintained at Ͻ1,200 ppm. Dams were rotated (air to hyperoxia and vice versa) every 24 h to obviate the effects of hyperoxia on the mothers. Hyperoxic exposures continued for 14 days, which correlates with the alveolar stage of lung development in mice (63) . At this point, surviving animals were placed into room air. All procedures were approved by the IACUC at the Children's Hospital of Philadelphia.
Preparation of cytosolic and nuclear extracts. Whole lung homogenate and cytosolic and nuclear extracts were prepared from freshly collected whole lungs as previously described (61) .
Assessment of lung development. Assessment of lung development and pulmonary vessel density was performed after formalin fixation (61) . Animals were euthanized, and the trachea was cannulated with a 26-gauge angiocatheter; the lungs were then inflation fixed at 25 cm H 2O pressure for 1 min with 10% formalin and paraffin embedded. Radial alveolar counts (RAC), an objective measure of alveolar number, were assessed as previously described (16, 21) . Counts were performed on four separate WT and AKBI mice at each time point (3 and 28 days) and for each condition (room air and hyperoxia exposure). Because of the technical difficulty of uniform inflation of the neonatal mouse lung, a thorough evaluation of pulmonary morphometry was performed using two separate sections of lung per mouse. The average RAC was obtained from a minimum of 30 perpendicular lines obtained from photomicrographs of 5-10 high-powered fields of two separate sections of lung per animal. Measurements of mean linear intercept (MLI), surface area, airspace area, and average alveolar size were performed using a computer-assisted image-analysis program on images captured on a MicroPublisher digital camera using a Zeiss Axioscope2 microscope (ϫ20 objective). Images were processed using ImageJ (public domain Java image, processing program created by Wayne Rasband at the Research Services Branch, National Institute of Mental Health, Bethesda, MD) and a plug-in developed by Drs. V. Balasubramaniam and C. Coulon (1, 2). The MLI was determined by averaging six randomly chosen images per section, with three sections evaluated per mouse. Four mice per genotype per time point and exposure were used.
Assessment of pulmonary vessel density. Paraffin-embedded lung sections were stained for the presence of von Willebrand Factor (vWF). Following incubation with biotinylated anti-VWF primary antibody (F3520, Sigma), staining was completed according to the TSA kit protocol (NEL701A001KT, Perkin-Elmer). Images of the vWF-stained slides were captured with the ϫ10 objective. Pulmonary vessel density was determined by counting the number of VWFstained vessels with external diameter Ͻ100 M per high-powered field. Five high-powered fields from the lungs from three separate animals per exposure were assessed.
Immunoblot analysis. Cytosolic and nuclear extracts were electrophoresed on a 4 -12% polyacrylamide gel (Invitrogen), and proteins were transferred to a HyBond PVDF membrane (Amersham). Membranes were blotted with antibodies against the following proteins: IB␣ (sc-371, Santa Cruz Biotechnology), IB␤ (sc-9130, Santa Cruz Biotechnology), p65 (ab7970, Abcam), calnexin (ADI-SPA-860-D, Enzo Life Sciences), VEGFR2 (2479, Cell Signaling), poly(ADPribose) polymerase (PARP) (9542, Cell Signaling), lamin B (sc-6216, Santa Cruz Biotechnology), Bax (sc-493, Santa Cruz), and Bcl-xL (2762, Cell Signaling). Densitometric analysis was performed using ImageLab. All densitometric values were first normalized to a loading control (cytosolic, calnexin; nuclear, lamin b) and expressed as a ratio of the unexposed appropriate genotype control (set at 1).
Evaluation of nuclear NF-B binding by EMSA. A 32 P-labeled oligonucleotide with the consensus sequence for NF-B (5=-AGTT-GAGGGGACTTTCCCAGGC-3=) (Promega) was used as a probe to evaluate NF-B binding ability as described previously (60, 62) . To identify nonspecific binding of nuclear proteins, competition reactions were performed by addition of either 50-fold excess of the nonradiolabeled NF-B consensus sequence or 50-fold excess of nonradiolabeled mutated NF-B consensus sequence (5=-AGTTGAGGC-GACTTTCCCAGGC-3=) (Santa Cruz Biotechnology) to the reaction mixtures before electrophoresis. To identify the NF-B subunit proteins in the binding complex, 2.5 l of p50 (ab7917, Abcam; pc136, Calbiochem; or sc7178, Santa Cruz Biotechnology), p65 antibodies (ab7970, Abcam; pc137, Calbiochem), or p65-phosphorylated serine 276 (3037, Cell Signaling) was incubated with nuclear proteins for 1 h at 37°C before addition of the radiolabeled probe. As an additional control for binding conditions, binding buffer lacking DTT was used.
qPCR. Relative mRNA levels were evaluated by quantitative realtime PCR using the TaqMan gene expression system (Applied Biosystems). Total lung RNA was extracted with TRIzol Plus RNA Purification System (Ambion). RNA was assessed for purity and concentration using NanoDrop (Thermo Scientific), and cDNA was synthesized using the Verso cDNA Synthesis Kit (Thermo Scientific). Gene expression was assessed using predesigned exon-spanning primers [manganese superoxide dismutase (MnSOD), Mm00449726_m1; VEGFR2, Mm01222421_m1; VEGFA, Mm01281449_m1; IL-1␤, Mm01336189_m1; IL-6, Mm00446190_m1; IL-11, Mm00434162_ m1; TNF-␣, Mm00443258_m1; regulated on activation, normal T cell expressed, and presumably secreted (RANTES), Mm01302428_m1; ICAM, Mm00516023_m1; matrix metalloproteinase (MMP)-12, Mm00500554_m1; Bcl-2, Mm00477631_m1; Bcl-xL, Mm00437783_ m1; bacloviral IAP repeat-containing (BIRC)2 Mm00431811_m1; BIRC3 Mm01168413_m1; and Bax, Mm00432050_m1; Applied Biosystems] using the StepOnePlus Real Time PCR System (Applied Biosystems). Relative quantitation was performed via normalization to the endogenous control B2M (Mm00437762_m1, Applied Biosystems) using cycle threshold (⌬⌬CT) method. All values are expressed as a ratio of the unexposed appropriate genotype control (set at 1).
Statistical analysis. For comparison between treatment groups, the null hypothesis that no difference existed between treatment means was tested by Student's t-test for two groups and two-way ANOVA for multiple groups with potentially interacting variables (genotype, hyperoxia exposure), with statistical significance between and within groups determined by means of Bonferroni method of multiple comparisons (InStat, GraphPad Software). Statistical significance was defined as P Ͻ 0.05.
RESULTS
Neonatal AKBI mice demonstrate improved survival in hyperoxia. In this study, we used IB␤ knockin, or AKBI, mice to evaluate the specific role of the IB family of proteins in mediating hyperoxic lung injury. The AKBI mice have IB␤ cDNA inserted in place of the IB␣ gene (Fig. 1A) . These phenotypically normal mice are bred on an ICR background, overexpress IB␤, and do not express IB␣ (14) . Western blots performed on whole lung lysates confirmed that AKBI mice did not express IB␣ and overexpressed IB␤ compared with WT mice (Fig. 1B) . Furthermore, expression of the NF-B subunit p65 was not different between WT and AKBI mice (Fig. 1B) . WT mice began to experience significant mortality at 6 days of hyperoxic exposure and by 14 days had Ͼ80% mortality (Fig. 1C) . In contrast, AKBI mice had significantly improved survival in hyperoxia, with significant differences from WT mice starting from 6 days through 14 days of exposure. Of note, AKBI neonatal mice demonstrated remarkable resistance to hyperoxic injury, with only 40% mortality through 14 days of exposure. These results demonstrate that IB␤ overexpression provides a protective advantage against hyperoxic lung injury in newborn mice.
Hyperoxia-induced disruption of lung development is attenuated in AKBI mice
. Neonatal mice exposed to prolonged hyperoxia demonstrate decreased alveolarization (57) . To assess the effect of hyperoxia on lung development in AKBI mice, assessment of RAC and MLI was performed. Neither RAC nor MLI were different between WT and AKBI mice reared in room air at 3 or 28 days (Fig. 2 , A-D, and Fig. 3 , A-D). However, a significant reduction in RAC and an increase in MLI were evident after 3 days of hyperoxia in WT but not AKBI mice (Fig. 2, A, B , E, and F). Additional mice were exposed to hyperoxia for 14 days to ensure hyperoxic stress during the early alveolar stage of lung development in mice (day of life, DOL, 5-30) (63) . Following this exposure, mice were allowed to recover in room air for an additional 14 days. In this model, a significant reduction in RAC and even greater difference in MLI existed at 28 days in WT mice (Fig. 3, A, B , and E). Noting these differences, we performed further assessments of lung morphology. Significantly decreased surface area and increased airspace area and average alveolar size developed in WT mice exposed to hyperoxia (Fig. 3, G-I) . Importantly, all morphological changes observed in hyperoxiaexposed WT mice were attenuated in similarly exposed AKBI mice. (Fig. 3, A 
, B, G-I). AKBI mice demonstrate sustained hyperoxia-induced NF-B activation.
To understand what dictated the improved survival and improved lung development observed in AKBI mice exposed to hyperoxia, we evaluated pulmonary NF-B activity before the differences seen in lung development on DOL 3 ( Fig. 2 ). In the current study, we used nuclear translocation of p65 as a read-out of NF-B activity for two reasons. First, previous studies have demonstrated that hyperoxia induces nuclear translocation of p65, both in vitro and in vivo and in neonatal and adult animals (12, 20, 23, 25, 28, 33, 40) . Second, the NF-B inhibitory proteins IB␣ and IB␤ preferentially bind unique NF-B dimer combinations (31, 53, 55) , and the p65-cRel heterodimer is a primary target of IB␤ (29, 47) . Consistent with previous reports, both WT and AKBI mice demonstrated nuclear translocation of the NF-B subunit p65 after 8 h of hyperoxia (Fig. 4 , A and C). By 24 h of hyperoxic exposure, nuclear p65 remained significantly elevated only in AKBI mice (Fig. 4 , B and C). The sustained NF-B nuclear translocation observed in AKBI mice was associated with significantly increased nuclear IB␤ compared with similarly exposed WT mice (Fig. 4, B and D) . To confirm the presence of p65-DNA binding after 24 h in hyperoxia-exposed AKBI mice, EMSA with supershift was performed on nuclear extracts (Fig. 4 , E and F). Given the differential affinity of commercially available antibodies for nondenatured proteins, we used three separate p50 and p65 antibodies to assess NF-B-DNA binding. Consistent with increased nuclear translocation of p65 in AKBI mice exposed to 24 h of hyperoxia demonstrated by Western blot (Fig. 4B) , supershift analysis revealed presence of both p50 (Fig. 4F , lane 5) and p65 (Fig.  4, E and F, lanes 7 and 8) . These findings confirm sustained hyperoxia-induced nuclear NF-B translocation in AKBI mice.
To define the signaling events upstream of sustained hyperoxia-induced NF-B nuclear translocation observed in AKBI mice at 24 h of exposure, levels of immunoreactive IB␣ and IB␤ were evaluated in lung cytosolic extracts. After 24 h of hyperoxia, levels of IB␣ and IB␤ in WT were similar to unexposed controls (Fig. 5, A-C) . In contrast, in AKBI mice, cytosolic IB␤ decreased significantly throughout the exposure (Fig. 5, A and C) . These data suggest that hyperoxia promotes IB␤ degradation and that AKBI mice have sustained NF-B signaling associated with nuclear IB␤ accumulation. Furthermore, these findings support that sustained IB␤-mediated NF-B activation dictates a protective response to hyperoxia given the difference in survival and lung development observed in AKBI mice. 
Sustained hyperoxia-induced NF-B nuclear translocation is associated with increased expression of NF-B target genes.
To understand what events downstream of NF-B nuclear translocation contributed to improved survival and preserved lung development in the AKBI mice, we investigated the expression of NF-B-regulated proteins previously implicated in hyperoxic lung injury and/or the pathogenesis of BPD (4, 6 -9, 15, 34, 38, 56) . These were broadly categorized into inflammation (IL-1␤, IL-6, IL-11, TNF-␣, RANTES, ICAM, and MMP-12), apoptosis (Bcl-2, Bcl-xL, BIRC2, BICR3, and Bax), antioxidant (MnSOD), and vascular growth related (VEGFR2, VEGFA) (59) . Expression of all proinflammatory targets and MnSOD was significantly increased in AKBI mice exposed to 24 h of hyperoxia (Fig. 6, A and B) . In contrast, only IL-6 was significantly increased in hyperoxia-exposed WT mice. Of the apoptosis-related genes, only proapoptotic Bax was significantly increased in WT mice, whereas Bax and the antiapoptotic proteins Bcl-2, Bcl-xL, and BIRC3 were increased in AKBI mice (Fig. 6C) . Additionally, Western blot analysis revealed increased Bax in both WT and AKBI mice exposed to hyperoxia, whereas only AKBI mice demonstrated increased Bcl-xL (Fig. 6D) .
Previous studies have demonstrated that VEGF signaling through VEGFR2 attenuates hyperoxic lung injury (17, 30, 54) . Furthermore, constitutive NF-B activity plays a critical role in lung development, in part because of regulating VEGFR2 expression (34) . WT mice exposed to hyperoxia demonstrated a gradual decrease in VEGFR2 protein levels over 72 h of exposure (Fig. 7, A, B, and E) . In contrast, AKBI mice demonstrate a gradual and significant increase in VEGFR2 protein levels over the first 24 h of exposure, with a return to baseline by 72 h (Fig. 7, A, B , and E). Noting these differences in protein expression at 24 h of exposure, we assessed VEGFR2 gene expression in WT and AKBI mice. At 24 h of exposure, WT mice demonstrated a significant decrease in VEGFR2 mRNA expression (Fig.  7C) . In contrast, VEGFR2 gene expression was significantly increased in hyperoxia-exposed AKBI mice (Fig. 7C) . A similar pattern of expression was seen with the VEGFR2 ligand VEGF (Fig. 7D) . These results suggest that sustained hyperoxia-induced NF-B activation in the newborn lung prevents injury and preserves lung development through the sustained expression of cytoprotective genes including VEGFR2. representative hematoxylin and eosin-stained photomicrographs of lung tissue from WT exposed to RA (C). AKBI exposed to RA (D), WT exposed to O2 (E), and AKBI exposed to O2 (F). All images were obtained using the ϫ10 objective lens, internal scale bar 100 ϭ M. DOL, days of life.
To assess the effect of these changes on apoptosis, cleaved PARP was evaluated at 72 h of hyperoxia, after changes in gene expression noted above. Consistent with increased NF-B-regulated antiapoptotic target gene expression, cleaved PARP was not detected in AKBI mice exposed to hyperoxia (Fig. 7, E and F) . In contrast, WT mice exposed to hyperoxia demonstrated significantly increased cleaved PARP at 72 h of hyperoxic exposure (Fig. 7, E and F) . Together, these data suggest that sustained NF-B activation attenuates apoptosis induced by hyperoxia.
Preservation of protective NF-B target gene expression preserves pulmonary vessel density. Previous studies have demonstrated that endothelial dysfunction contributes to the alveolar simplification and reduced lung surface area that characterizes BPD (50) . We then determined the effect of sustained hyperoxiainduced NF-B activation, and protective target gene expression on blood vessel density was assessed at DOL 28. Pulmonary vessel density was not different between WT and AKBI mice raised in room air (Fig. 8, A-C) . Blood vessel density in WT mice exposed to 14 days of hyperoxia followed by 14 days in room air was reduced by 66% (Fig. 8, A, B, and D) . In contrast, blood vessel density was reduced by only 32% in similarly exposed AKBI mice (Fig. 8, A, C, and E) . Importantly, pulmonary vessel density in oxygen-exposed AKBI mice was significantly higher compared with similarly exposed WT mice (P Ͻ 0.05, Fig. 8 , A, Fig. 3 . Impaired alveolarization caused by prolonged exposure to hyperoxia is attenuated in AKBI mice. Radial alveolar counts (A) and mean linear intercept (B) at 28 days in WT and AKBI mice in RA or 95% O2 for 14 days followed by 14 days of RA (O2). *P Ͻ 0.05 vs. air exposed genotype control, †P Ͻ0.05 vs. paired WT exposure. C-F: representative hematoxylin and eosin-stained photomicrographs of lung tissue from WT exposed to RA (C). AKBI exposed to RA (D), WT exposed to O2 and RA recovery (E), and AKBI exposed to O2 and RA recovery (F). All images were obtained using the ϫ10 objective lens, internal scale bar ϭ 100 M. Pulmonary surface area per high-powered field (in m) (G), airspace volume (in m 2 ) (H), and average alveolar size (in m 2 ) (I) at 28 days in WT and AKBI mice in RA or 95% O2 for 14 days followed by 14 days of RA (O2). *P Ͻ 0.05 vs. air exposed genotype control, †P Ͻ 0.05 vs. paired WT exposure.
D, and E).
These results suggest that sustained hyperoxia-induced NF-B activation and target gene expression preserve pulmonary vascular development.
DISCUSSION
We demonstrated that hyperoxia-induced NF-B activation occurs in neonatal WT mice and that IB␤ overexpression is associated with sustained NF-B nuclear translocation. This in turn was associated with improved survival and enhanced lung development in neonatal mice exposed to hyperoxia for 14 days. Importantly, attenuation of lung injury and preservation of lung development, as assessed by RAC and MLI, could be detected early (3 days) and persisted after a prolonged (14 days) hyperoxic exposure. Enhanced expression of known NF-B target genes, including VEGFR2 and antiapoptotic factors, may explain these findings and are associated with preserved pulmonary vascular growth following 14 days of hyperoxic exposure. Although previous studies have demonstrated that NF-B activity mediates neonatal resistance to hyperoxia, before this report, the effect sustained NF-B activity on lung development and ongoing lung injury had not been investigated. These results suggest that enhancing NF-B activity in the newborn lung exposed to hyperoxia represents a potential therapeutic target to limit lung injury. Recent clinical studies have demonstrated that limiting oxygen exposure in an attempt to minimize pulmonary and ophthalmological complications in the premature infant does not appear to be without risk (27, 51a) . Thus it is likely that we will not reduce hyperoxic exposure in clinical practice in the near future. Furthermore, the pulmonary epithelium and endothelium of premature infants will continue endure injury secondary to hyperoxia. Therefore, the approach may need to be developing interventions to prevent hyperoxic injury while preserving lung development. Our findings show that enhancing NF-B activity represents one such potential therapeutic intervention.
Previous studies have demonstrated that NF-B activity plays an important role in lung development. Epithelial overexpression of p65 enhances lung development and is associated with decreased apoptosis and increased expression of antiapoptotic genes (42) . Supporting this finding, both genetic (IKK-␤ Ϫ/Ϫ ) and pharmacological (BAY 11-7082) inhibitions of NF-B activity severely compromise lung development (34, 41) . Interestingly, treating neonatal mice with the NF-B inhibitor BAY 11-7082 inhibits VEGFR2 expression and results in decreased RAC and simplified alveolar structure (34) , similar to what is seen with VEGFR2 inhibition (26, 35, 39) . Previous reports have shown that hyperoxia disrupts VEGF and VEGFR2 expression in the neonatal lung and that VEGF treatment attenuates these findings (54) . These studies clearly demonstrate the detrimental effect of NF-B inhibition on lung development. Our study compliments this literature by demonstrating that sustained NF-B activity during and following hyperoxic exposure maintains VEGFR2 expression and is associated with preservation of lung development.
In the current study, we demonstrate hyperoxia-induced NF-B activity in the newborn lung of WT mice. Previous studies have demonstrated that NF-B activity mediates neonatal resistance to hyperoxic lung injury (61) . Despite this relative resistance, neonatal mice exposed to hyperoxia demonstrate disrupted lung development (57) . Previous studies have not evaluated the effect of sustained NF-B activity following exposure to hyperoxia. This report provides evidence that nuclear IB␤ is associated with a NF-B response to hyperoxic stress. Specifically, nuclear retention of p65-containing NF-B dimers protects the lung from ongoing injury and preserves lung development. We speculate that, in WT mice, hyperoxia acutely induces NF-B activation, thus improving neonatal survival compared with similarly exposed adults. However, when this activity wanes, the developmentally appropriate constitutive NF-B activity is disrupted, leading to decreased VEGFR2 expression and abnormal lung development. In contrast, sustained NF-B activation in hyperoxia-exposed AKBI neonatal mice is associated with enhanced VEGFR2 expression, decreased apoptosis, and preserved pulmonary vessel density. The current study is supported by recent reports demonstrating that inhibiting apoptosis in the neonatal lung exposed to hyperoxia preserves lung development (48) . We speculate that preservation of lung development after hyperoxic exposure could be achieved by sustaining NF-B-regulated gene expression, including VEGFR2 and antiapoptotic proteins.
Possible mechanisms underlying our findings are enhanced NF-B-DNA binding mediated by nuclear IB␤. It is well established that IB␤ acts to enhance inflammatory stressinduced NF-B-DNA binding and potentiates transcriptional activity and downstream gene expression (47, 55) . Interestingly, sustained LPS-induced NF-B activation mediated by IB␤ increases proinflammatory gene expression and increases mortality in adult mice (47, 49) . Furthermore, previous studies have shown that inflammatory stress-induced NF-B activation disrupts lung branching and lung morphogenesis (5, 10). In tivation have improved survival attributable to enhanced expression of NF-B regulated antiapoptotic genes (44) . Of note, neonatal AKBI mice exposed to hyperoxia demonstrate early and enhanced expression of proinflammatory NF-B-regulated target genes compared with similarly exposed WT mice and previous reports (4, 15, 19, 37, 56, 57) . This would suggest that hyperoxic lung injury can be attenuated without specifically targeting proinflammatory pathways. Despite this, enhanced NF-B activation mediated by nuclear IB␤ in neonatal mice affords protection against hyperoxic lung injury and preserves lung development. The study has some limitations. Although we demonstrate that sustained hyperoxia-induced NF-B nuclear translocation and enhanced target gene expression in the AKBI mice, these determinations were made on whole lung homogenate and in mice with global, not lung or specific cell type, IB␤ overexpression. It is well known that lung cell types are differentially susceptible to oxygen toxicity, with the most damaging effects seen in the pulmonary endothelium (18) . Furthermore, the AKBI mice overexpress IB␤, but, in addition, they do not express IB␣. Our results indicate that sustained hyperoxiainduced nuclear NF-B translocation is associated with nuclear IB␤. However, the current model does not allow us to determine the relative contribution of IB␤ overexpression vs. deficiency of IB␣. Early studies showed that IB␣ Ϫ/Ϫ mice died early in the perinatal period (3). To overcome this problem, an IB␤ knockin (AKBI) mouse was generated and described as phenotypically indistinct from their WT controls (14) . Undoubtedly, the combination lacking IB␣-driven nuclear export of NF-B and enhanced IB␤-NF-B-DNA binding contributes to our findings. Further studies are necessary to determine the roles of these unique functions of IB␣ and IB␤. Furthermore, it is not known whether our findings are attributable to enhanced NF-B activation in all cells, a subset of cells, or in cells recruited to the lung following exposure to hyperoxia. Additionally, although sustained NF-B activation may explain the increased expression of VEGFR2 demonstrated in AKBI mice, it is possible that enhanced endothelial survival explains these findings. It remains unknown whether targeting enhanced NF-B activation to cells most susceptible to oxygen toxicity would provide the same or additional benefit. The use of conditional IB␤-overexpressing mice could help answer this question. We have not fully interrogated the mechanisms to explain the disparate role played by sustained NF-B activation in mediating the response to inflammatory vs. oxidant stress. Determining these mechanisms remains critically important to determine potential therapies aimed at preserving lung development in neonates exposed to oxidants and/or inflammatory stress. Finally, we chose to evaluate NF-B activity early in the course of hyperoxic . Pulmonary vessel density is preserved in AKBI mice exposed to hyperoxia followed by RA recovery. A: pulmonary vessel density at 28 days in WT and AKBI mice in RA or 95% O2 for 14 days followed by 14 days of RA (O2). *P Ͻ 0.05 vs. air exposed control, †P Ͻ 0.05 vs. paired WT exposure. Number represents an average in 5 high-power fields in 3 separate animals per condition. B-E: representative images of on Willebrand Factor -stained lung tissue from WT exposed to RA (B), AKBI exposed to RA (C), WT exposed to O2 and RA recovery (D), and AKBI exposed to O2 and RA recovery (E). All images were obtained using the ϫ10 objective lens, internal scale bar ϭ 100 M.
exposure, before the effect of hyperoxia on lung development seen in WT mice at DOL 3 ( Fig. 2 ). We were interested in the early effects of hyperoxia, as early studies of neonatal mice suggested that the initial pulmonary response to hyperoxia (3 days) was critical in determining survival (11). These studies were designed to help understand whether intervening early in the course of oxygen exposure would have an effect on lung development. Although we demonstrate clear differences in hyperoxia-induced NF-B activation between WT and AKBI mice, it is likely that there are differences that extend beyond 24 h of exposure, and this needs to be further verified. We conclude that sustained NF-B activation improves survival and preserves lung development in neonatal mice exposed to hyperoxia. Sustained hyperoxia-induced NF-B activation is associated with enhanced expression of antiapoptotic factors and VEGFR2. We speculate that enhancing NF-B activation may represent a therapeutic intervention to attenuate hyperoxia-induced lung injury.
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